On a phylogenetic scale of organ development the mammary gland is a recent acquisition. It was introduced 200 million years ago with the appearance of mammals to provide nourishment to the newborn in the form of milk. The mammary gland is characterized by a unique dependence on hormonal signals for terminal differentiation, which is attained only after pregnancy. At the time of birth, the anlage consists of a few rudimentary ducts in the vicinity of the nipple. Pronounced ductal outgrowth and branching commences at puberty, and in pregnancy an expanded lobulo-alveolar compartment develops. Functional differentiation of the secretory epithelium coincides with parturition and large amounts of milk are produced and secreted during lactation. After weaning of the young, the entire alveolar epithelial compartment is remodeled to resemble a virgin-like state. With each pregnancy, a new round of lobulo-alveolar development occurs. During the past 100 years, intensive efforts have been made to understand the endocrine control of mammopoiesis and lactogenesis. Classical research on endocrine ablated animals firmly established that ovarian steroids and pituitary peptide hormones are mandatory and sufficient for breast development and lactation. In 1900, Halban first established that mammary growth is controlled by the ovary (Halban 1900) . He demonstrated that ovariectomy caused mammary regression, and that transplanted ovaries prevented the castration atrophy of mammary glands. Twenty-eight years later, Stricker and Grueter induced mammary development and milk secretion artificially in castrated virgin rabbits by injection of pituitary extract (Stricker and Grueter 1928) . In 1933, Riddle, Bates, and Dykshorn purified the respective pituitary hormone (Riddle et al. 1933 ) and named it prolactin(PRL).
In the last several years, the ability to delete genes from the mouse genome has allowed us to identify genetic components of mammary gland development. Molecular insight into the underlying genetic framework and signaling networks of the developing tissue has been gained through experimental manipulations of tissues from wild-type and knockout mice. Two distinct, yet braided, developmental concepts have unfolded. First, discrete signaling networks activated by systemic endocrine hormones induce mammopoiesis. Secondly, some of these signals are relayed through reciprocal interactions between the epithelium and the stroma. Table 1 contains those genes whose elimination from the mouse genome results in impaired mammary gland development. Among these genes are some of the ''usual suspects'' but also some previously unidentified players. Each mutation affects specific and distinct aspects of mammary development. These knockout mice not only confirmed the involvement of hormonal signaling but also provided tools to identify the tissue compartment that receives and executes these signals.
Morphogenesis
Functional development of the mammary gland proceeds in distinct stages ( Fig. 1 ) that are defined fundamentally by the hormonal status of the animal. The mammary anlage is established during fetal development, ductal elongation and branching is obtained primarily after the onset of puberty, alveolar proliferation occurs during pregnancy, and functional differentiation is accomplished with parturition and lactation.
Before puberty and the onset of gonadal hormone secretion, the mammary ducts elongate into the mammary fat pad at a rate that is in pace with the overall growth of the animal (Fig 1a) . Accelerated ductal extension and branching commences with the start of puberty at about 4 weeks of age when large club-shaped terminal end buds (TEB) appear (Fig. 1b,c) , and ceases when the fat pad is laced with a ductal tree (Fig. 1d) . The TEB is a specialized structure at the end of growing ducts that consists of two histologically distinct cell types. The body cells, give rise to mammary epithelial cells, and the cap cells, which are the precursors of myoepithelial cells (Humphreys et al. 1996) . Ductal arborization is initiated from the highly proliferative TEBs (Daniel and Silberstein 1987) . Ductal morphogenesis and lumen formation is accomplished by a highly regulated process of cell proliferation and death in the TEB (Bresciani 1968; Humphreys et al. 1996) . The ducts, which will ultimately serve as channels for milk transport during lactation, are lined by a single layer of luminal epithelial cells. The myoepithelial cells form a sleeve around the primary ducts and become discontinuous around secondary and tertiary ducts and the TEBs. During pregnancy additional ductal branching occurs ( Fig. 1e ) and extensive lobulo-alveolar proliferation gradually results in the complete filling of the fat pad at parturition (Fig. 1f) . Cell division occurs in both the ductal and alveolar cell population throughout pregnancy, and persists through the early phase of lactation.
Hormonal regulation
Both the role of systemic hormones and the influence of the stroma on mammary epithelial cells have been recognized for some time (Sakakura 1987 (Sakakura , 1991 . However, only now through the availability of knockout mice have we been able to dissect individual steps in the pathways of the translation of hormonal signals into morphogenetic and developmental events. Two unique aspects of mammary gland development have greatly aided in exploiting these knockout animals to elucidate the specific roles of the epithelium and the stroma. First, the mammary gland develops predominantly in the postpartum mammal. Therefore, an entire developmental program, mimicking embryonic development of other organs, can be viewed and followed in postpartum animals. This characteristic has several ramifications; the tissue can be easily manipulated, and reasonable amounts of tissue are available for analysis. Furthermore, genetic manipulations whose consequences in other tissues would result in lethality, can be studied. Second, it is possible to generate chimeric glands composed of tissues from knockout and wild-type animals. Because the epithelium penetrates the fat pad only in pubertal animals it can be removed surgically before this stage. A small piece of epithelium from another animal can then be implanted into the ''cleared'' fat pad and will develop there (DeOme et al. 1958) . Alternatively, epithelium and stroma can be separated enzymatically and recombined. The assembled tissues can also be grown as grafts under the kidney capsule of appropriate hosts (Cunha 1994; Cunha et al. 1997) .
Estrogen
Ductal elongation seen in the first few days after birth originates from a few small TEBs and is probably the result of residual effects of maternal and fetal hormones. Although ductal growth is slow for the first 2-3 weeks, it accelerates greatly with puberty. Thus ductal outgrowth and, in part, alveolar proliferation is controlled by ovarian steroid hormones (Daniel and Silberstein 1987) . Regression of both ducts and alveoli was observed upon ovariectomy, and could be reinduced after treatment with estrogen or progesterone (Mixner and Turner 1942) . Studies in mice from which the estrogen receptor (ER)-␣ 
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Additional branching occurs in the mature virgin, and at 12 weeks the fat pad is laced with a network of ducts (d). At this stage the TEBs have disappeared. Proliferation of mammary secretory epithelial cells during pregnancy leads to the formation of an alveolar compartment that produces milk during lactation. Extensive alveolar proliferation occurs at mid-pregnancy (e), and at parturition the mammary fat pad is completely filled with the secretory lobulo-alveolar structures (f).
gene had been deleted (ERKO mice) have confirmed that estrogen is required for ductal outgrowth (Korach et al. 1996) , and have shed light on the underlying molecular mechanisms. Analysis of the mammary glands of the ERKO females at 4 months of age revealed a primitive ductal rudiment devoid of TEBs, whereas a fully developed ductal tree was seen in wild-type siblings. To determine whether estrogens elicit epithelial mitogenesis directly through epithelial ER or indirectly through ERpositive stromal cells, mammary tissue from adult ERdeficient mice and wild-type mice were used to produce tissue recombinants containing ER in epithelium and/or stroma, or lacking ER altogether. Tissue recombinants were grown as subrenal capsule grafts in intact female nude mice, and the hosts were treated with estradiol (E2) after ovariectomy. Ductal outgrowth was dependent on the presence of ER in the stroma but not in the epithelium. These data suggest that, although ER is detected both in the epithelium and the stroma, epithelial mitogenesis induced by E2 is a stromally mediated event and that epithelial ER is neither necessary nor sufficient for E2-induced mammary epithelial proliferation (Cunha et al. 1997) .
Progesterone
Adult females lacking the progesterone receptor (PR) displayed severe defects in reproductive tissues (Lydon et al. 1995) . This demonstrates the role of progesterone as a pleiotropic coordinator of reproductive events. Because PR-deficient mice were infertile attributable to a failure of ovulation and luteinization, mammary development was studied by treatment of ovariectomized PR-deficient and control mice with estrogen and progesterone (Lydon et al. 1995) . In the absence of exogenous estrogen and progesterone, the rudimentary ductal tree in PR-deficient mice was similar to that in control mice. However, after hormone treatment, extensive arborization of the ductal tree and some alveolar development was observed in control mice, but virtually absent in the PR-deficient mice. Unlike the ER, whose presence is required in the stroma, the function of the PR is mainly linked to the epithelium. Reciprocal transplantation experiments demonstrated that the absence of PR in transplanted donor epithelium but not in the stroma, prevented normal lobulo-alveolar development in response to estrogens and progesterone. However, the absence of PR in the recipient stroma revealed that stromal PR may be required for ductal outgrowth (Humphreys et al. 1997) .
Activins/inhibins and other members of the TGF␤ family
Inhibins and activins are members of the TGF␤ family and are important regulators in reproductive organs (Vale et al. 1994) . A specific function for the activin and inhibin␤B subunit was identified for the mammary gland. Mice deficient in the inhibin␤B gene exhibit retardation of ductal elongation and alveolar morphogenesis during puberty and pregnancy, respectively. Mammary transplantation experiments demonstrated a localized defect in the gland that was associated with the stroma. Ductal elongation and alveolar proliferation and differentiation were severely curtailed in inhibin␤B-deficient stroma (Gorska et al. 1998) . Furthermore, several bone morphogenetic proteins (BMPs) are expressed in many sites of epithelial mesenchymal interactions and may be identified as important components in mammary gland development once the appropriate knockout models will be available for analysis.
Prolactin
Prolactin signaling is essential for the proliferation and functional differentiation of lobulo-alveolar structures during pregnancy (Topper and Freeman 1980) . Gene deletion experiments have surveyed four independent components of the prolactin pathway, the ligand itself (Horseman et al. 1997) , the receptor (Ormandy et al. 1997) , as well as Stat5a (Liu et al. 1997 ) and Stat5b (Udy et al. 1997) . PRL is synthesized predominantly in lactotrophic cells of the anterior pituitary of vertebrates. Tissue culture experiments had demonstrated that binding of PRL to its receptor (PRLR) leads to receptor dimerization and the activation of the Janus kinase 2 (JAK2), Fyn, and the mitogen-activated protein (MAP) kinase. In vivo experiments have now taught us that PRL signaling in the mammary gland largely operates through the JAK-STAT pathway (Liu et al. 1997) . JAK2 is recruited to the PRLR and phosphorylates predominantly the two Stat5 isoforms (5a and 5b) on tyrosine 694. Both Stat5a and 5b bind to and induce transcription of genes containing ␥-interferon activation sites (GAS). The establishment of mice deficient in the different components has now provided formal proof of this signaling pathway. Because the PRLR is expressed in multiple organs of the developing fetus, and Stat5a and Stat5b are operative in many other cytokine signaling pathways, it was a surprise that mice deficient in any of these signaling molecules were born and survived until adulthood. Defects were confined to a few tissues and specific physiological conditions. Most noticeably, mammary development was severely impaired in the absence of PRL, the PRLR, and Stat5a, but not Stat5b (J. Ihle and S. Teklund, in prep.). Similar to PR-deficient mice, deletion of the PRL gene resulted in curtailed ductal arborization in adult virgins (Horseman et al. 1997) , suggesting a role in ductal mor-phogenesis already during puberty. However, as PRL-deficient mice do not ovulate, the observed effect could also be indirect. Because PRL-deficient mice are infertile, the role of PRL during pregnancy and lactation has not been assessed. It is conceivable that signaling by the two placental lactogens may be compensating for the absence of PRL during pregnancy.
The importance of PRLR-mediated signaling in mammary gland development is illustrated by the finding that females with only one intact PRLR allele failed to lactate after their first pregnancy (Ormandy et al. 1997) . Epithelial cell proliferation and differentiation during pregnancy appears to be dependent on a threshold level of PRLR that cannot be obtained with just one functional allele. However, mammary gland development after the second pregnancy or in older females was sufficient for successful lactation, demonstrating that continued hormonal stimuli will eventually lead to the development of a functional gland. Females lacking both PRLR alleles were infertile due to a failure of implantation of the embryos. Implantation and pregnancies were obtained after administering progesterone, but mammary development was severely curtailed and dams failed to lactate (P. Kelly, pers. comm.).
Stat5a and Sta5b have a similarity of 96% and exhibit a superimposable pattern of expression during pregnancy and lactation (Liu et al. 1996) . It was, therefore, not expected that mice deficient in either Stat5a or Stat5b would present distinct developmental lesions. The most noticeable phenotype of Stat5a-deficient mice is their inability to lactate because of a failure of the gland to develop fully and to undergo functional differentiation during pregnancy (Liu et al. 1997) . Remarkably, Stat5b protein levels, and even more pronounced, the extent of its phosphorylation, were greatly reduced in Stat5a-deficient mammary tissue indicating that efficient phosphorylation of Stat5b requires the presence of Stat5a (Liu et al. 1997) . The mechanism for this is not clear, but it is possible that activated Stat5a is necessary to achieve and maintain a state of cell differentiation needed for full activation of Stat5b. Stat5b-deficient mice exhibited a different phenotype affecting liver gene expression and body growth rates. In addition, their fertility was severely compromised (Udy et al. 1997) . However, those mice that maintained their pregnancy, delivered normal sized litters and were able to lactate (J. Ihle and S. Teklund, in prep.) . Although the biochemical features of Stat5a and Stat5b are indistinguishable in most, if not all, tissue culture settings, both proteins have distinct functions in vivo.
Colony-stimulating factor-1
A natural mutant, op (osteopetrosis), in the gene encoding macrophage colony-stimulating factor-1 (CSF-1) has been identified. Although the primary phenotype in these mice is an absence of functional osteoclasts and a failure in tooth eruption, lactation is also severely impaired (Pollard and Hennighausen 1994) . A reduced ductal growth during pregnancy, precocious development of lobules, and absence of milk secretion is observed in these mice (Pollard and Hennighausen 1994) .
Oxytocin
Physiological studies have ascribed pleiotropic roles to oxytocin (OT). However, OT-deficient mice have displayed a specific and exclusive role of OT for milk ejection and postpartum development. OT induces the contraction of the cage of myoepithelial cells surrounding the alveoli and thereby induces milk ejection. In the absence of OT, milk fails to be ejected Nishimori et al. 1996) , which in turn leads to rapid involution of the gland (Wagner et al. 1997a) . Thus, OT is not only necessary for postpartum milk ejection but also for alveolar cell proliferation. In a similar way, the absence of the winged helix transcription factor Mf3 disturbs mammary function and milk ejection. Morphogenesis of the gland appears normal but lactation is inhibited and can be rescued by injections of OT (Labosky et al. 1997) .
Signaling within the cell
Although distinct morphogenic and lactogenic roles have been assigned to systemic hormones and local growth factors, the cascades and networks of signals leading to a nuclear response and subsequent activation of developmental programs are in many cases poorly understood. It is conceivable that extracellular signals elicit different responses in the different cell populations of the mammary gland and the read out depends on the cellular context. Even though particular target genes for the control of growth and differentiation have not been characterized, it is safe to predict that transcription factors and components of the cell cycle machinery are mandatory mediators of these events. Gene deletion experiments performed for reasons other than studying the mammary gland may have uncovered some true targets by serendipity. These include the transcription factors A-myb and C/EBP␤ and the cyclin D1 gene. Females carrying deletions in the A-myb (Toscani et al. 1997 ) and C/EBP␤ (G.W. Robinson, E. Sterneck, P.F. Johnson, and L. Hennighausen; T.N. Seagroves and J.M. Rosen; both unpubl.) genes exhibit severely curtailed alveolar development and differentiation during pregnancy. Both of these transcription factors are expressed in many different tissues yet their absence is manifest in only a limited number of cell types. The case of C/EBP␤ is particularly intriguing. The promoter of the ␤-casein gene contains a C/EBP␤ site and the expression of C/EBP␤ in the mammary gland is developmentally regulated (Raught et al. 1995) . It is not known whether the lesion in the C/EBP␤ knockout mice results from a reduction in cell proliferation or enhanced cell death. The findings strongly imply that C/EBP␤ plays a dual role in epithelial cell regulation and ␤-casein gene expression. Interestingly, mice bearing a deletion of the cyclin D1 gene fail to form functional alveoli during pregnancy (Fantl et al. 1995; Sicinski et al. 1995) . Cyclin D1 is expressed in most tissues but its levels are higher in mammary epithelial cells. It was shown recently that cyclin D1 interacts with ER to activate transcription (Zwijsen et al. 1997) . The different phenotypes in ERKO and cyclin D1-deficient glands indicate, however, that the effects of E2 on ductal elongation are independent of cyclin D1.
More puzzling is the role of intracellular phosphatases in the control of lactogenesis. Normal mammary morphogenesis but impaired function is observed in the absence of the cytoplasmic phosphatase LAR (Schaapveld et al. 1997) . Although the molecular basis of this defect is unclear, it has been shown that LAR is found in focal adhesion sites. This may illustrate the importance of signaling from the extracellular environment and neighboring cells in mammopoiesis. It is to be expected that this and other phosphatases are instrumental in the regulation of the JAK-STAT cascade or other pathways necessary for normal mammary development.
These examples of specific lesions resulting from the absence of ubiquitously expressed genes in only a few cell types may indicate combinatorial regulation mechanisms that utilize shared components leading to unique responses in mammary epithelial cells.
Systemic hormones and inductive epithelial-stromal interactions control mammary development
The concept of organogenesis as an inductive event dates back to 1901 when Hans Spemann demonstrated that lens development is dependent on inductive signals from the optic cup to the presumptive head ectoderm (Spemann 1901) . More recently the mammary gland has emerged as a rich developmental model that depends on epithelial-stromal interactions, both in the embryo and postnatally. By now more than ten mutants affecting mammary development have been generated using reverse genetics. From the analysis of these mutants a model for mammary development has emerged that can serve as a reference point for future studies. With the onset of puberty, rapid ductal elongation and arborization occurs as a result of ovarian estrogens. Balanced cell proliferation and cell death within the TEBs lead to the penetration of the newly formed ducts through the stromal fat pad. Although the ER is present in both stromal and epithelial cells, it is required only in the stroma for proper ductal development. The stroma-derived mediator that signals epithelial cell proliferation is still elusive, but may well fall into the TGF␤ family. The proliferative response in the epithelial cells includes the transcription factor C/EBP␤ as indicated by the absence of normal ductal arborization in the absence of this gene. During pregnancy additional systemic, local and intracellular signals are required for alveolar proliferation and differentiation. Although progesterone signaling controls alveolar proliferation, PRL signaling to a great extent directly controls epithelial cell differentiation. Progesterone-induced ductal arborization is mediated directly through epithelial receptors in addition to ''learned adaption'' through the stroma. As the ducts penetrate the fat pad the stromal cells respond to signals from the epithelium and become competent to support additional ductal and alveolar development. A similar situation is encountered in the development of the ureter (Vainio and Mueller 1997) were signals from the ureter epithelium pattern the surrounding mesenchyme. Such feedback signaling can lead to autoregulatory loops further promoting stromal and epithelial maturation. Locally secreted growth factors are candidates to act as mediators of the stromal PR-dependent signal. Members of the TGF␤ family, CSF-1, and/or EGF may be involved. Recent experiments with EGF receptor (EGFR)-deficient mice have demonstrated that the stromal EGFR is required for ductal development (Z. Werb and G. Cunha, pers. comm.) . Thus, EGF and activins are prime candidates to convey systemic signals between stroma and epithelium. Less clear are some of the signaling events leading to the functional differentiation of the epithelium. In particular, the roles which CSF-1 (Pollard and Hennighausen 1994) and LAR (Schaapveld et al. 1997) play in the mammary gland need to be defined.
Understanding development through the advance of functional genomics
Our model is far from complete, and it will be scrutinized and modified as new informat on becomes available. In particular, it will be necessary to further define reciprocal and adaptive signaling between the epithelium and stroma. This not only includes the identification of primary and secondary target genes in the different signaling pathways, but also their genetic manipulation.
A pursuit of two distinct strategies will establish the genetic and functional framework for a more comprehensive developmental model. The genomics approach will identify putative control genes, and gene manipulation in conjunction with tissue transplants will evaluate their physiologic role. A three-pronged genomics approach is part of the Mammary Genome Anatomy Project (MGAP). Large-scale sequencing of normalized cDNA libraries from different stages of normal mouse mammary gland development is being pursued. Information emerging from this will establish the basic genetic makeup during normal mammopoiesis. This advance is complemented through the analysis of gene expression of different knockout mice. Differential cDNA libraries may identify target genes of individual pathways that have been disrupted in mouse models. Finally, laser capture microscopy (LCM) combined with large scale sequencing will establish the genetic fingerprint image of particular cell cluster. Although this strategy will be informative, it will not detect specific protein-based regulatory events. A classic example is Stat5a, a critical mediator of mammary development whose activity is controlled through phosphorylation. The levels of Stat5a RNA and protein do not change significantly during the course of puberty, pregnancy, and lactation. However, PRL-mediated tyrosine phosphorylation, and thereby transcriptional activity, is sharply induced during pregnancy. Thus, to detect such regulatory events it will be necessary to develop large-scale screening assays that detect post-translational modifications.
Next on the agenda will be the assignment of physiological relevance to putative control genes. Traditional gene deletion technology based on homologous recombination inactivates genes in the entire animal and can result in early embryonic lethality, which in turn prohibits studies of mammary development. Furthermore, this technology does not permit the dissection of indirect effects on mammary development and the temporal and spatial assignment of gene function. For example, it does not provide information on time windows during which a particular gene product is needed. Innovative approaches to address these questions include targeting specific cell types in the mammary gland during defined time windows. Recent advances using time-sensitive gene control systems (Ewald et al. 1996) and Cre-mediated tissue-specific gene deletion systems (Wagner et al. 1997b ) provide exciting new opportunities. In addition to whole animal studies, the use of organ culture systems should be pursued. It is possible to mimic distinct aspects of mammary gland development and function in vitro using whole tissue organ cultures. Although we are now able to draw an overall blueprint of mammary gland development (Fig. 2) , it is still a rough draft and new pieces will be added at an accelerating pace to this exciting developmental puzzle. (Lubahn et al. 1993 ); (PRL) Prolactin (Horseman et al. 1997 ); (PRLR) Prolactin receptor (Ormandy et al. 1997) , inhibin ␤B , C/EBP␤ (G.W. Robinson, E. Sterneck, P.F. Johnson, and L. Hennighausen, in prep.); (Stat5a) Signal transducer and activator of transcription (Liu et al. 1997 ); (PR) Progesterone receptor (Lydon et al. 1995) , A-myb (Toscani et al. 1997) ; cyclin D1 (Fantl et al. 1995; Sicinski et al. 1995) ; (CSF-1) macrophage specific colony stimulating factor 1 (Pollard and Hennighausen 1994) ; LAR (Schaapveld et al. 1997 ); Mf3 (Labosky et al. 1997) ; oxytocin (Wagner et al. 1997a ).
